We have used MERLIN at 408 MHz to image the central starburst region of M82 with a resolution of 0.5 arcsec. We detect 20 supernova remnants at this frequency which is a much smaller number than we detect at higher frequencies ( 50). We attribute this di erence to free-free absorption by ionised gas. We nd that 7 remnants show low-frequency turnovers in their spectra consistent with free-free absorption. These spectra are similar to the spectrum previously obtained for the brightest, youngest supernova remnant, 41.95+57.5. We nd a mean optically thin spectral index of -0.6 and emission measures 10 5 cm ?6 pc for the remnants detected at 408 MHz. These emission measures are an order of magnitude smaller than other published values for the central region of M82 and we therefore suggest that the remnants we detect at 408 MHz are embedded within ionised gas towards the near-side of the distribution.
INTRODUCTION
A starburst galaxy exhibits rapid and e cient star formation which cannot be maintained in equilibrium over the life of the galaxy. Such galaxies are highly luminous in the infrared (IR) due to dust which absorbs the radiation from the population of hot young stars created in the burst of star formation (Rieke et al. 1980 ) and re-radiates it at IR wavelengths. The extended non-thermal radio emission from star-forming regions (eg Condon et al. 1992 ) is attributed to acceleration of relativistic particles produced and accelerated by supernovae.
The best studied of the nearby starbursts is the Irr2 galaxy M82, which we take to be at a distance of 3.2 Mpc (Burbidge, Burbidge & Rubin 1964) . The central few hundred parsecs of this galaxy are heavily obscured by dust and gas, particularly as a result of its nearly edge-on orientation, and are visible only at IR and radio wavelengths. The rst high resolution radio maps of M82 were produced by Hargrave (1974) and Kronberg & Wilkinson (1975) in which a number of compact unresolved sources were identi ed. The initial sub-arcsecond observations, made by MERLIN and the VLA, revealed 30 compact objects (Unger et al. 1984; Kronberg, Biermann & Schwab 1985) which were suggested to be either radio supernovae or young supernova remnants (SNR). However, the lack of rapid variability of the these sources (Kronberg & Sramek 1992) and the fact that MER-LIN has resolved many into a shell-like or partial shell-like structure (Muxlow et al. 1994) implies that the sources in M82 are, in fact, SNR. It appears that these SNR are closely associated with a ring of molecular and neutral gas (eg Weliachew, Formalont & Greisen 1984) which may well be partly responsible for the fuelling of star formation.
In addition to this ring of gas and dust, there are a number of thermal HII regions in the central starburst region of M82. For example, two HII regions are described by RecillasCruz & Peimbert (1970) and it was suggested by Hargrave (1974) that the youngest brightest SNR, 41.95+57.5, is either embedded within or located behind one of these HII regions. These HII regions have also been identi ed optically by O'Connell & Mangano (1978) . Radio recombination line observations by Seaquist, Bell & Bignell (1985) and 92 GHz continuum observations by Carlstrom & Kronberg (1991) , where the emission is dominated by free-free emission, have identi ed extensive regions of ionised gas within the central c 0000 RAS kiloparsec of the galaxy. Studies of the free-free emission from the ionised gas at low radio frequencies are confused by the presence of strong non-thermal synchrotron emission also associated with the starburst.
However, free-free absorption by the ionised gas should be easily observable at low radio frequencies. Observations of 41.95+57.5 have indicated the presence of a low-frequency turnover in the spectrum, a feature which was rst noticed by Kronberg & Wilkinson (1975) and is generally attributed to foreground free-free absorption. An emission measure of 7.9x10 5 cm ?6 pc was calculated for the absorbing material (Kronberg & Wilkinson 1975 ) assuming a constant temperature of 10,000K.
In this paper we report MERLIN 408 MHz (73 cm) observations of M82 with an angular resolution (0.5 arcseconds) su cient to separate the SNR from the extended background. At this frequency, the sensitivity and angular resolution of MERLIN enables the detection of free-free absorption by ionised gas with emission measures as low as 10 5 cm ?6 pc against most of the SNR detected at higher frequencies.
THE OBSERVATIONS & IMAGE PROCESSING
M82 was observed by eight antennae of MERLIN in November 1994 for a total of 21.5hrs. The observing frequency was 408.7 MHz with a nominal bandwidth of 4 MHz. The ux density scale was calibrated assuming 23.694 Jy for 3C286 and the passbands and relative gains of the antennae were determined using the point source calibrator 1345+125. There was no phase calibrator. Since the components in M82 are distributed over a region 50x10 arcseconds in extent and there is the possibility of confusion by background sources, the data were taken in spectral-line mode (31x0.125 MHz channels) and with 4 second integration times in order to minimise bandwidth and time averaging smearing (Thompson, Moran & Swenson 1986) .
During the observations, there were serious radio frequency interference (RFI) problems at the Cambridge antenna. In order to resolve this problem, a lter was added which rejected most of the interference and data from such sections of the band were edited out. The data were then self-calibrated within AIPS using a point source model and the baseline (u-v) range was limited to 30-300 kilo wavelengths. The resulting map was then used as a model for a further 20 cycles of self-calibration with a complete u-v range and maps resulting from both uniform and natural weighting of the data were produced. The images were deconvolved using the CLEAN (H ogbom 1974) algorithm with a large number of CLEAN cycles (30,000-50,000).
The nal uniformly weighted ( Figure 1 ) and naturally weighted (Figure 2 ) maps produced within AIPS have beam sizes of 0.57x0.54 and 1.57x1.27 arcseconds respectively. The rms noise over source-free areas of the uniform image was 0.2 mJy beam ?1 and the dynamic range was 500:1 (peak:rms). Consistent maps were also produced wihin DIFMAP but used only for comparison. As there was no phase calibrator for the observations, the coordinates of the image were xed relative to 41.95+57.5 which was assumed to have a position of RA= 09 hr 51 m 41:95 s , Dec=69 o 54 0 57:5 00 (Muxlow et al. 1994) . Unfortunately, MERLIN lacks low order spacings shorter than 6 km and hence is not sensitive to extended components greater than 10 arcseconds. However, this does not a ect our determination of the ux densities of the compact SNR components, most of which are < 0.5 arcseconds.
In order to determine the low-frequency spectra of the SNR it is necessary to obtain measurements with compatible angular resolution at higher frequencies. At 1.4 GHz we use ux densities measured from a combined MERLIN and VLA image (Muxlow, Pedlar & Sanders 1995) resulting from observations taken between April 1993 and May 1994 and convolved to have a circular beam of 0.4 arcseconds. This image will be described in more detail in a later paper. The 5 GHz ux densities have been based on a VLA A-and B-array image from July 1995, a VLA A-array image from December 1992 kindly made available to us by Kronberg and Sramek and MERLIN 5 GHz ux densities from Muxlow et al. (1994) . In addition, the 5 GHz ux measurements of Kronberg, Biermann & Schwab (1985) have also been used as a reference with appropriate consideration of ux variability. The 8.4 GHz ux densities have largely been obtained from Huang et al. (1994) . However, where they have not catalogued an SNR candidate, we have used an A-con guration VLA image of M82 with a beam size of 0.3x0.2 arcseconds which has been obtained from a 20 minute-snapshot observation in March 1994 . Figure 1 and 2 show the 408 MHz uniform weighted and naturally weighted maps respectively . In order to study the SNR in M82, we use the higher resolution ( 0.5 arcseconds) uniform map of Figure 1 . We identify 18 compact sources in this image directly; a further 3 sources were then identi ed by comparison with the 1995 5 GHz image, giving a total of 21 compact sources detected at 408 MHz. The number of compact sources identi ed at this frequency is approximately half of the number identi ed at higher frequencies. Although the rms noise at 408 MHz (0.2 mJy beam ?1 ) is 5 times larger than the rms noise at 5 GHz, if the relatively steep spectral index of -0.6 continued to 408 MHz, all the SNR detected at 5 GHz would be detected at 408 MHz. Hence it is clear that many SNR show a low-frequency turnover.
THE RESULTS
The uxes of the SNR detected at 408 MHz were measured using the AIPS task TVSTAT with an appropriate background subtraction. In the cases of a complex background, where the presence of a nearby SNR made background subtraction di cult, this method was complemented by displaying one-dimensional plots of the ux density as a function of position across a selected slice of an SNR. The ux density of detected SNR at the higher frequencies were measured by similar methods. Any SNR within 0.2 arcseconds of a similar SNR at a di erent frequency was assumed to be the same source. Table 1 shows the ux density of the detected SNR at 408 MHz. Only those SNR with a ux density greater than 1 mJy at 5 GHz have been included. Where possible, the positions of the SNR have been quoted from previous publications and where this has not been possible, the positions from the 5 GHz image have been used. In the 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20 Although the observations were not made at exactly the same epoch, the e ects of ux variability between 1990 and 1995 can be calculated to be a small error of < 8% (Kronberg & Sramek 1992) for all sources except the youngest, brightest SNR, 41.95+57.5. In the case of 41.95+57.5, the 8.4 GHz ux has been measured from our more recent snapshot observation rather than using the measurement from Huang et al. (1994) on account of the rapidly decreasing ux ( 8% per year at 5 GHz; Kronberg & Sramek 1992) . A further 31 sources have been detected only at frequencies higher than 408 MHz. In each case, the rms ux density, , in the vicinity of the source has been measured at 408 MHz and an upper limit to the ux density of 5 has been used. Upper limits to the 408 MHz ux density for these sources vary between 1.0 and 4.3 mJy depending on the complexity of the background in the vicinity of the source.
In addition to the SNR, we also detect the extended background in which several regions appear to be signicantly depressed compared with higher frequency measurements. The most striking of these depressions is the appearance of a 'hole' which is 100 pc across ( 7 arcsec) and is roughly centred on the brightest, youngest SNR, 41.95+57.5. This feature is clearly evident in both Figures 1 and 2. Since this feature has not been observed at the higher frequencies, we conclude that it is as a result of free-free absorption, almost certainly by a large HII region. We suggest that it is photoionised by a cluster of early type stars of which the progenitor of 41.95+57.5 was originally a member. A similar HII region (M82 II) 150 pc across and centred 50 pc south-west of 41.95+57.5 was described by Recillas-Cruz & Peimbert (1970) . In order to proceed with a quantitative study of this region, it is necessary to take account of the e ect of missing low-order spacings and this will be defered to a later paper.
DISCUSSION 4.1 Spectra
The measurements of the ux of the SNR in M82 at the four di erent frequencies enables an analysis to be made of the spectra of individual remnants. For those SNR which show steep spectra with no low-frequency turnover, the measurements may be tted to the equation S = S0
(1) where is the spectral index.
Several of the remnants show low-frequency turnovers at 408 MHz. Although we cannot rule out synchrotron selfabsorption as the cause of this absorption completely, the fact that most of the sources are extended over typically 0.2 arcseconds (Muxlow et al. 1994 ) makes this interpretation highly unlikely. In view of the known thermal content of M82 (Carlstrom & Kronberg 1991) we consider the most likely cause to be free-free absorption. This mechanism has already been suggested to account for the low-frequency turnover in the brightest, youngest SNR, 41.95+57.5 (Kronberg & Wilkinson 1975) . Hence the spectra of remnants showing low-frequency turnovers are given by S = S0 e ?
(2) where is the free-free optical depth. The optical depth may be expressed as c 0000 RAS, MNRAS 000, 000{000 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32, 34, 36, 38 ,40 mJy beam ?1 . 
where E is the emission measure in cm ?6 pc, the frequency in GHz and Te is the electron temperature, taken to be 10,000K (Mezger & Henderson 1966) . The emission measure, ux density and spectral index were determined using a least-squares tting procedure within the graphics package GNUPLOT.
Of the 21 SNR detected at 408 MHz, 14 show steep spectra with no clear evidence of low-frequency turnovers. These are shown in Figure 3 and their spectral indices have been derived from equation 1 and are shown in Table 1 . Upper limits to the values of the emission measure have also been derived by implementing a low-frequency turnover which is just consistent with the error bars (see Table 1 ). Two of the SNR in this category have not been detected at 8.4 GHz and instead the rms ux density, , in the vicinity of the source has been measured. An upper limit to the ux density of 5 has been used.
Seven sources show a clear low-frequency turnover and are shown in Figure 4 . In these cases, emission measures and spectral indices have been calculated and the values obtained are shown in Table 1 . The spectrum of the youngest, brightest SNR, 41.95+57.5, shows a low-frequency turnover with an emission measure of 4.5x10 5 cm ?6 and has an optically thin spectral index of -0.8. A similar spectrum at a higher ux density was observed at an earlier epoch by Kronberg, Biermann & Schwab (1985) with a spectral index of -0.9. Kronberg & Wilkinson (1975) also observe a similar spectrum at an even earlier epoch and suggest a spectral index of -1.0 and an emission measure of 7.9x10 5 cm ?6 pc.
There are 31 sources which are not detected at 408 MHz but are detected at higher frequencies. The positions of these sources are shown in Figure 5 . At present, many of their spectra are not well constrained due to a lack of higher frequency measurements. An example of this is illustrated in Figure 8 ; the optically thin spectral index of 43.81+62.8 is only be determined by two values. We therefore defer discussion of the spectra of these sources to a later paper when measurements at 15 and possibly 22 GHz will be included. However, several of these sources are particularly interesting and will be discussed brie y in Section 4.2. Figure 6 shows the distribution of spectral indices for the SNR detected at 408 MHz. The mean optically thin spectral index for the sample is -0.6 0.2 compared with a mean of -0.4 0.3 for the sample described by Kronberg & Sramek (1992) . We nd that in our sample, a more signi cant proportion of the SNR show steep spectral indices ( < -0.7) compared with the results of Kronberg & Sramek (1992) . This is not surprising since our sample contains only those SNR detected at 408 MHz which tends to favour those with particularly steep spectra whereas the sample of Kronberg & Sramek (1992) contains sources detected between 5 and 15 GHz. In addition, Kronberg & Sramek (1992) nd one source with a positive spectral index which we do not detect at 408 MHz.
Of the 21 sources detected at 408 MHz, 7 show a lowfrequency turnover in their spectra indicating free-free absorption with emission measures 10 5 cm ?6 pc. A total of 31 sources detected at higher frequencies were not detected at 408 MHz and all of these were found to exhibit low-frequency turnovers. Of these, 9 sources show evidence of a low-frequency turnover by 408 MHz implying emission measures > 10 5 cm ?6 pc. An example of this is the SNR 42.65+61.5 shown in Figure 7 where the upper limit to the 408 MHz ux density is 1.3 mJy. The remaining 22 sources detected at the higher frequencies show evidence of a lowfrequency turnover by 1.4 GHz, such as 43.81+62.8 shown in Figure 8 (408 MHz ux density is 1.0 mJy) implying emission measures > 10 6 cm ?6 pc. Both spectra demonstrate the need for higher frequency measurements in order to obtain reliable ts to the data. For the SNR which have been detected at 408 MHz, it is interesting to compare the emission measures with other published emission measure values. 92 GHz continuum observations by Carlstrom & Kronberg (1991) with resolution 6.8x6.1 arcseconds have revealed ve main peaks of free-free emission with emission measures between 6x10 5 and 2.1x10 6 cm ?6 pc. Seaquist, Bell & Bignell have identi ed an HII complex with an emission measure 4x10 6 cm ?6 pc from radio recombination line data. In both cases the published values of emission measure generally appear to be noticeably c 0000 RAS, MNRAS 000, 000{000 higher than those obtained in this paper at the positions of the SNR. In particular, for those SNR which show no lowfrequency turnover at 408 MHz, where emission measure values could be anywhere between zero and the quoted upper limits, the comparison illustrates a signi cant di erence. However, for the majority of SNR which are not detected at 408 MHz, emission measures are in excess of 10 6 cm ?6 pc, in good agreement with other published values. One possible explanation for the large range in emission measure values deduced from this study is that the SNR are embedded within individual HII regions and the size and electron density of each region determines the value of the emission measure deduced. However, this possibility seems unlikely since the 92 GHz continuum free-free emission (Carlstrom & Kronberg 1991) appears to be extended and not localised to individual SNR. An alternative explanation is that the ionised gas distribution is very patchy and we observe a large emission measure for those SNR behind dense clumps of ionised gas and small emission measures where there are holes in the ionised gas. While there is clearly some inhomegenity in the ISM of M82, a simpler, more likely explanation is that the SNR are distributed at di erent depths within an approximately uniform region of ionised gas which is known to be present in the inner 500 pc (eg Carlstrom & Kronberg 1991) . On this hypothesis, most of the variation in emission measure is caused by the di erence in path lengths through the ionised gas to the individual SNR. Adopting this explanation, we can gain insight into the SNR distribution within the ionised gas. In particular, we suggest that the SNR which show no evidence for low-frequency turnovers are located towards the near-side of the ionised gas distribution and the SNR which are not detected at 408 MHz are towards the far-side of the distribution.
In Figure 9 we plot the emission measures at the positions of the SNR detected at 408 MHz as a function of their RA position compared with the values obtained by Carlstrom & Kronberg (1991) . This gives a crude onedimensional representation of the distribution of values and we tentatively interpret the result as an indication that the SNR detected at 408 MHz are embedded towards the nearside of the ionised gas distribution.
A comparison of the extended background at 408 MHz with that in higher frequency images shows that a signicant proportion of the background to the north of the galaxy is being absorbed at 408 MHz. We attribute this to freefree absorption and suggest that this northern region of the galaxy is situated at a greater depth within the ionised gas than the southern region. Since observations have demonstrated the presence of a nearly edge-on ring of molecular and neutral gas in M82 (eg Weliachew, Formalont & Greisen 1984) and it has been suggested that the SNR are associated with this ring (Unger et al. 1984; Kronberg, Biermann & Schwab 1985) , we speculate that its orientation is such that the northern section of the ring is towards the farside of the galaxy and the southern section is towards the near-side. This type of model is qualitatively consistent with the distribution of upper limits and detections of the SNR shown in Figure 5 , in which the upper limits are mainly found towards the central parts of the SNR distribution. Furthermore, within the central region, the upper limits are concentrated towards the north of the detected remnants. This will be discussed further in a later paper concerning the di use emission in M82. 
Unusual sources
Although the shell structures seen in many of the sources con rm the SNR hypothesis (Muxlow et al. 1994) , it is important to note that other phenomena may also be present. In particular, the source 40.62+56.0 (Figure 10 ) could be an HII region, since it shows a at spectrum with a lowfrequency turnover. The 408 MHz ux density in this case is 1.0 mJy. The brightness temperature is 500K at 5 GHz which is consistent with that of an HII region. Using the calculated brightness temperature, an emission measure of 5x10 6 cm ?6 pc was deduced. However, comparison of the 1995 5 GHz ux density with earlier 5 GHz observations by Kronberg, Biermann & Schwab (1985) suggests that this source may well be variable, which, if con rmed, would cast doubt on its identi cation as an HII region.
The source, 43.31+59.2, is close to both the dynamical centre (Weliachew, Formalont & Greisen 1984) and the 2.2 m peak (Rieke et al. 1980 ) of the galaxy and was suggested by Muxlow et al. (1994) as a possible candidate for an active galactic nucleus (AGN). However, we nd no evidence of a low-frequency turnover for this source there by suggesting that it is located towards the near-side of the ionised gas distribution. Such a position seems unlikely for an AGN candidate. Furthermore, if this source were an AGN we may also expect to detect a low-frequency turnover due to free-free absorption by clouds in the forbidden-line region associated with an AGN (e.g. Pedlar et al. 1983) .
However, the source 44.01+59.6 is also close to both the dynamical centre of the galaxy and the 2.2 m peak and we speculate that this is a more likely AGN candidate. It has a particularly unusual spectrum with a positive spectral index and a strong turnover as can be seen in Figure 11 . The 408 MHz ux density is 2.0 mJy. We deduce a spectral index of +0.2 0.05 and an emission measure between 8.5x10 5 and 2.5x10 6 cm ?6 pc. The source is relatively compact but resolved by MERLIN (Muxlow et al. 1994 ) which does not necessarily rule out an AGN since Pedlar et al. (1993) have identi ed a number of Seyfert nuclei with extended cores. However, Kronberg & Sramek (1992) report no unusual variability ( 10% decrease over a decade) and, as yet, there is no unique property that would identify this source as an AGN core. Further observations of this source are in progress and will be reported in a later paper.
CONCLUSIONS
1. We have detected 21 compact sources at 408 MHz, most of which we ascribe to supernova remnants. Although this is approximately half the number of detections at the higher radio frequncies, it appears that this is not due to a lower sensitivity at 408 MHz, but that this result indicates the presence of a low-frequency turnover for many sources.
2. We have compared the ux densities of the SNR detected at 408 MHz with their ux densities at 1.4, 5 and 8.4 GHz in order to determine spectra for individual remnants. Of the 21 sources detected, 7 remnants show low-frequency turnovers in their spectra which we attribute to free-free absorption by ionised gas. The remaining 14 remnants show no evidence of a low-frequency turnover.
3. For the remnants detected at 408 MHz, we deduce a mean optically thin spectral index of -0.6 0.2 which is steeper than the mean spectral index of the sample described by Kronberg & Sramek (1992) . This is to be expected since our low-frequency sample tends to favour those sources with particularly steep spectra.
4. For the remnants detected at 408 MHz, we nd emission measures 10 5 cm ?6 pc, which are an order of magnitude smaller than other published values. If we assume that the ionised gas distribution is approximately uniform then we can infer that the remnants detected at 408 MHz are embedded within the gas towards the near-side of the distribution.
5. A total of 31 remnants observed at higher radio frequencies have upper limits at 408 MHz. We nd that many of the spectra of these sources are not well constrained due to a lack of higher frequency measurements and so we defer a full discussion of these until a later paper when more data are available. However, we have calculated that for the majority of these sources, emission measures are > 10 6 cm ?6 pc. Since these values are of the order of other published values deduced from the 92 GHz free-free emission, we suggest that many of these remnants are located towards the far-side of the ionised gas distribution.
6. We have detected several regions of extended background at 408 MHz which appear to be attributable to freefree absorption. In particular, we nd one striking region which is 100 pc across and is approximately centred on the youngest, brightest supernova remnant, 41.95+57.5. We propose that this feature is due to absorption by a large HII region and tentatively suggest that it has been photoionised by a cluster of early type stars of which the progenitor of 41.95+57.5 was originally a member.
7. We speculate that the source, 44.01+59.6, detected only at the higher radio frequencies, could be a candidate for an active galactic nucleus. This source has an unusual spectrum with a positive spectral index and a strong turnover. It is relatively compact and is close to the centre of the galaxy. However, as yet, there is no unique property that would identify this source as an AGN core.
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